Abstract To evaluate the effect of climate change on ecosystem functioning, the temperature and moisture response of microbial C, N, and P transformations during decomposition of Calluna vulgaris (L.) Hull. litter was studied in a laboratory incubation experiment. The litter originated from a dry heathland in the Netherlands where P limited vegetation growth. Fresh litter was incubated at 5, 10, 15, or 20°C and at a moisture content of 50, 100, or 200% in a full factorial design. Microbial nutrient transformations and activity were evaluated during two successive periods: an initial period of 48 days characterized by microbial growth and a second period from 48 to 206 days in which microbial growth declined significantly. Temperature and moisture response of respiration rate, the metabolic quotient (qCO 2 ), C, N, and P immobilization, net N and P mineralization and nitrification rates were evaluated by performing linear regressions. Microbial nutrient transformations and microbial activity depended both on temperature and moisture. In the first period, the respiration rate, qCO 2 , microbial C and N immobilization, net P mineralization, net N mineralization and net nitrification rates were more strongly affected by temperature, while the microbial P immobilization rate was more strongly affected by moisture. The respiration rate, qCO 2 , P immobilization rate, net P and N mineralization rate, and nitrification rate increased with temperature and moisture, while the C and N immobilization rate decreased with increasing temperature and increased with moisture. In the second period, C, N, and P immobilization and net N and P mineralization rates were significantly lower. The respiration rate and qCO 2 continued to increase with temperature and moisture, but C and N immobilization rates increased with temperature and declined with increasing moisture. Net P mineralization rate decreased at higher temperature and moisture, and nitrification rate declined with increasing temperature and increased with moisture. It was concluded that plant growth in these P-limited systems is very sensitive to climate change as it strongly relies on the competition for P with microbes, and temperature and moisture have a large effect on the immobilization rate of available P.
Introduction
Temperature and moisture are key factors regulating biogeochemical processes such as litter decomposition (Kirschbaum 1995) , respiration (e.g. Howard and Howard 1993; Leirós et al. 1999) , nutrient mineralization, and immobilization Jonasson et al. 2004 ). The respiration rate and net N mineralization rate have been reported to show an increase, no response, or even a decrease with higher temperatures (Rustad et al. 2001) . It is thought that the lack of response or negative response is related to a simultaneous decline in moisture content associated with increasing temperature (Peterjohn et al. 1994; McHale et al. 1998; Rustad and Fernandez 1998) , as well as the availability of nutrients. For example, several studies have reported limited response of plant growth to warming alone, but significant response to warming plus fertilization (Parsons et al. 1994; Wookey et al. 1994; Press et al. 1998; Jonasson et al. 1999) .
The Dutch heathland ecosystem 'Oldebroekse heide' has been subjected to climate manipulations since May 1999. The manipulations involved nighttime warming or summer drought in 20-m 2 plots ). The ecosystem is N-saturated, as atmospheric N deposition in the Netherlands has exceeded critical loads of 15-20 kg N ha −1 year
for half a century (Heil and Bobbink 1993) , and nitrate leaching is high at the site ). The highly weathered acid sandy soil is mineralogically very poor with very low inorganic P concentrations in the soil solution ). The dominating plant Calluna vulgaris (L.) Hull. produces P-poor litter with an N/P (g/g) ratio of >16, indicating that P is limiting vegetation growth (Koerselman and Meuleman 1996) . Because of the low P availability in mineral soil, P mineralization through organic matter decomposition is an important P source for plants and microorganisms. Litter produced is P-poor and P competition between plants and microorganisms is therefore likely to be strong. As a result, the microbial community plays an important role in litter decomposition and nutrient mineralization and immobilization (Kirschbaum 1995; Dilly and Munch 1996; Schmidt et al. 1999; Jonasson et al. 2004) . Highest fluxes between organic litter P, microbial immobilized P, and inorganic P occurred during the initial stage of C. vulgaris litter decomposition (Van Meeteren 2005) . In a preliminary study, we identified two stages during this initial decomposition. The first period of about 50 days of microbial growth when 81 to 89% of total P was immobilized and a second period from about 50 to 200 days in which microbial growth decreased significantly as a result of litter P depletion and consequently low P availability for microbial immobilization.
The objective of this study was to determine the effect of climate change on C, N, and P transformations during these two stages of decomposition of C. vulgaris litter. Climate change might affect microbial dynamics for instance by different sensitivity of the microbes involved. This could change the rates of the fluxes between the P pools, which could affect future P availability for the Calluna plants in this semi-natural ecosystem.
Materials and methods

Sampling and litter preparation
Litter was collected at the Dutch heathland site called 'Oldebroekse heide' (52°25 N, 5°53 E) located in the center of the Netherlands ). The soil is a nutrientpoor, well-drained, acid sandy Haplic Podzol (FAO 1998) with a mormoder humus form (Green et al. 1993 ). The heathland is dominated by the dwarf shrub C. vulgaris with an average age of 15 years. The C. vulgaris vegetation forms a dense, intertwined canopy. Ready-to-fall Calluna litter, consisting of shoots, flowers, and branches (under 1.5 mm in diameter and under 20 mm in length (40 mm for branches), was collected in autumn 2001 by lifting the plants and placing a plastic sheet underneath.
The shrubs were gently shaken and senesced litter was collected. Part of the litter we collected had been in direct contact with the soil surface and therefore further inoculation with soil extracts of microflora and microfauna was not necessary. The collected litter was taken to the laboratory where it was left in the open air in the laboratory at 20°C to let macrofauna escape. The material was uniformly mixed and stored in plastic bags at 3°C. Litter consisted of 56% flowers, 27% shoots, and 4% branches (on a mass basis); the remainder consisted of small unidentifiable particles.
Initial chemical composition of the bulked litter was 543 g C kg .
Incubation experiment
Fifteen grams of litter were weighed in petri dishes (14 cm diameter × 1.2 cm height) and moisture was adjusted to 50, 100, or 200% (0.5, 1.0, and 2.0 g water g −1 dry litter, respectively) on a mass basis, representing realistic field moisture contents of the organic layer. The petri dishes were closed with a loosely fitting cover to allow aeration for microbial respiration and put in a tray in an incubator at 5, 10, 15, or 20°C. Small jars filled with water together with moist tissue paper were also placed in the incubator and the whole was loosely covered by a plastic sheet to provide a moist atmosphere. The experimental design was full factorial, with temperature and moisture as factors, with four and three levels, respectively, making up 12 treatments, each treatment with five replicates per time step. Evaporation was compensated weekly by adding deionized water to maintain constant moisture content. Litter weight loss was determined on five replicate samples after 48, 80, 108, and 206 days for each treatment. The addition of water was adjusted to this weight loss. Initial microbial and chemical characterization of the litter material was performed before the addition of water (day 0) on five replicate samples. After 48 and 206 days of incubation, five replicate samples per treatment were removed from the incubator and analyzed.
To measure the CO 2 production rate the samples were placed in Mason jars and the samples were incubated for one night at the same conditions of the incubation treatment. This pretreatment was done to make sure that the respiration rate measurement the next day was not influenced by moving the samples. The next day the jars were aerated and closed airtight. The headspace was sampled after 0, 3, and 6 h using a gas-tight syringe and a septum in each jar. The collected sample was immediately injected in a Carlo Erba gas chromatograph to quantify the CO 2 concentration. The difference between the headspace CO 2 concentration divided by the time between measurements was considered the respiration rate. Then the litter in the jars was split into several subsamples for further analysis.
Moisture content was determined by drying a subsample at 70°C for 48 h. Microbial biomass C and N were determined by fumigating a moist subsample corresponding to 1.5 g dry litter for 24 h with ethanol-free CHCl 3 , then extracted with 0.5 M K 2 SO 4 (for 1 h) (Brookes et al. 1985; Vance et al. 1987) . At the same time, a non-fumigated subsample was extracted with 0.5 M K 2 SO 4 . Extracts were analyzed for dissolved organic C (DOC), total N, N À NH was not present) concentration of the fumigated and unfumigated extracts. Because of analytical problems DON was not measured at day 0. The DON was part of the lysed microbial biomass after fumigation, but the size of the microbial biomass C at day 0 was very small, indicating that DON could never be a substantial part of the lysed microbial N. An extractability of 0.45 was assumed when calculating the microbial C and N (Wu et al. 1990 ).
Inorganic P (P i ) was analyzed by shaking a moist subsample corresponding to 0.5 g of dry litter with 50.0 ml 0.5 M NaHCO 3 (pH 8.5, for 30 min) (Olsen et al. 1954 ). The resulting solution was filtered and solution P concentrations were determined colorimetrically by the ammonium molybdate ascorbic acid method as described by Murphy and Riley (1962) . Microbial biomass P was determined by the fumigation extraction method as described by Brookes et al. (1982) . A moist subsample corresponding to 0.5 g of dry litter was fumigated for 24 h with CHCl 3 and extracted with 50.0 ml 0.5 M NaHCO 3 (pH 8.5, for 30 min). In the extract inorganic P concentration was also determined colorimetrically by the ammonium molybdate ascorbic acid method. Microbial biomass P was calculated as the difference between the P concentrations of the fumigated and unfumigated extract. An extractability of 0.40 for P was assumed (Brookes et al. 1982) . Total P content was measured on ICP-OES (Optima 3000XL, Perkin Elmer) after an HNO 3 + HCl digestion (4.0 ml HNO 3 65%, 1.0 ml HCl 37%, and 1.0 ml H 2 O) of a 250.0-mg sample (ground and homogenized: <0.2 mm) in a microwave oven (Multiwave, Anton Paar).
Calculations
Microbial C, N, and P immobilization, net N and P mineralization and nitrification, respiration rate, and the metabolic quotient (qCO 2 ) (Anderson and Domsch 1990) were calculated for the first (0 to 48 days) and second incubation period (48 to 206 days). Microbial C, N, and P immobilization, net N and P mineralization and nitrification were calculated as the difference in sample microbial C, N, and P, N À NH divided by the number of days ). The respiration rate was calculated as the average respiration rate in milligram C per kilogram per day (mg C kg
during the two incubation intervals. The qCO 2 was calculated as the average C-CO 2 respiration rate per gram microbial C per hour (mg C-CO 2 [g microbial C]
between days 0 and 48 and between days 48 and 206.
Regression analysis
The effect of temperature (T) and moisture (M) on the measured variables was evaluated by performing a linear regression for each incubation period, with temperature and moisture as the independent variables. The linear regression was performed with the SPSS Linear Regression procedure (SPSS Inc. 2001) . Data fitted best to the following linear Eq. (1):
where Y is the dependent variable, i the intercept, and t and m the coefficients for T (temperature in degree Celsius) and M (moisture in percent). The regression coefficients t and m, a two-tailed significance level of these coefficients, and the r 2 of the linear regression were estimated. Because temperature increased with 15 units from 5 to 20°C and moisture with 150 units from 50 to 200%, the moisture percentage had to be divided by 10 to obtain the same increase to evaluate the relative impact of temperature (slope t) and moisture (slope m) on a variable. When t>m, temperature is the most important factor explaining the variation in the data, and when m>t, moisture is the most important factor explaining the variation in the data. The sign of t and m (plus or minus) indicated whether a variable increased (plus) with increasing temperature or moisture or decreased (minus) with increasing temperature or moisture condition.
Decomposition rate
The decomposition rate constant k was calculated from the proportion of dry litter remaining in petri dishes after 0, 48, 80, 108, and 206 days, using the negative exponential decay function (2):
where X t is the mass litter left at time t (g), X 0 the initial amount of litter mass (g), t time (years), and k fractional weight loss (year −1 ) (Swift et al. 1979) .
Statistical analysis
Data were tested for homogeneity of variance using Levene's homogeneity of variance test (Levene 1960 
Results
Treatment effect
Temperature and moisture had a significant effect on all variables in the first decomposition period, except for temperature on microbial P immobilization and moisture on microbial C immobilization, where the effect was weakly significant (Table 1 ). In the second period, temperature had a significant effect on all variables, while moisture had no effect on net P mineralization and only a weakly significant effect on microbial N immobilization (Table 1) .
Temperature and moisture response
In the first period, the linear regressions described the data well (Eq. 1). The r 2 values varied between 0.399 and 0.713, explaining high proportions of the total variation in a variable by temperature and moisture (Table 2 ). In the second period, linear regression gave good fits for respiration and qCO 2 . The other regressions had very low r 2 values and were not significant for microbial P immobilization and net N mineralization and weakly significant for net nitrification. Nonlinear regression models were also used to fit the data in this period, but also these models gave very poor results (data not shown).
Litter decomposition
In general, percentage weight remaining decreased with increasing temperature and increasing moisture (Fig. 1) . Decomposition rate k values (Eq. 2) ranged from 0.09 year −1 at 5°C and 50% moisture to 0.57 year −1 at 20°C and 200% moisture (Table 3) .
Respiration rate and qCO 2
The respiration rate increased with temperature and moisture, although the effect of temperature was stronger than the effect of moisture (Table 2 ). Both periods showed a similar response. At 50% moisture, respiration rate increased strongest between 15 and 20°C (Fig. 2a,b) and at 100 and Temperature 0-48 days **** **** **** **** * **** **** **** 48-206 days **** **** **** **** **** **** **** **** Moisture 0-48 days **** *** * **** **** *** **** *** 48-206 days **** *** *** * ** **** *** CO 2 C-CO 2 respiration rate, qCO 2 metabolic quotient, microC microbial C immobilization rate, microN microbial N immobilization rate, microP microbial P immobilization rate, P min net P mineralization rate, N min net N mineralization rate, nitr nitrification rate *P<0.1 **P<0.05 ***P<0.01 ****P<0.001 Blank cells P>0.1
200% moisture the respiration rates were approximately equal between 5 and 15°C and increased between 15 and 20°C. The qCO 2 showed a comparable response with temperature and moisture as the respiration rate (Table 2 ; Fig. 2c,d ).
Microbial C, N, and P immobilization rates
In the first decomposition period, microbial C and N immobilization were more strongly affected by temperature, while microbial P immobilization was more strongly affected by moisture (Table 2 ). Microbial C and N immobilization rate generally decreased with increasing temperature, but increased with moisture. Both microbial C and N immobilization showed the same trend: microbial immobilization decreased between 5°C and 15°C and increased slightly between 15°C and 20°C (Fig. 3a,c ). Considerable differences in microbial P immobilization rate between the three moisture levels were found: microbial P immobilization rate almost doubled at 200% moisture in comparison to 50% moisture (Fig. 3e ).
In the second period, microbial C, N, and P immobilization rates decreased significantly (Fig. 3b,d,f) and the impact of the treatments declined (Table 2 ). Microbial C and N immobilization rates were enhanced by higher temperatures and decreased with increasing moisture, sometimes even becoming negative, indicating a decline in the size of microbial biomass. In this second period, microbial P immobilization rate was significantly affected by temperature and moisture, but the linear regression was not significant (Tables 1 and 2 ). Accumulated microbial biomass P varied between 0.26 and 0.6 g P kg −1 . The accumulated microbial after 48 days biomass P strongly increased with moisture (Fig. 4) .
Net P and N mineralization and net nitrification rates Net P mineralization rate depended more strongly on temperature than on the level of moisture and generally increased with temperature and moisture (Table 2 ). In the first period, net P mineralization rate increased with temperature at 50% moisture (Fig. 5a ). At 100 and 200% moisture, net P mineralization increased from 5 to 10°C, but declined at 15 and 20°C. In the second period, net P mineralization rate was generally lower and decreased with increasing temperature and moisture ( Fig. 5b and Table 2) . Also, the effect of temperature and moisture was smaller. Net P mineralization decreased between 15 and 20°C for all moisture contents. Net N mineralization was affected by temperature and moisture conditions (Table 1 ). In the first incubation period, net N mineralization increased with temperature and decreased with increasing moisture (Table 2) . At 50% moisture, net N mineralization rate increased strongest between 5 and 10°C, while at 100 and 200% moisture, net N mineralization increased strongest between 15 and 20°C (Fig. 5c ). In the second period, the linear regression was not significant. Net N mineralization was negative for all three moisture contents at 20°C (Fig. 5d ). Net nitrification rates were more strongly affected by temperature and increased with temperature and moisture in the first period (Table 2 and Fig. 5e ). In the second period, net nitrification was the highest at 15°C and 200% moisture and the lowest at 20°C at all moisture contents (Table 2 and Fig. 5f ).
Discussion
Litter decomposition rate increased with increasing temperature and increasing moisture condition. The percentage remaining of litter initial mass after 206 days ranged from 94.9% at 5°C and 50% moisture to 71.5% at 20°C and 200% moisture. Emmett et al. (2004) reported data from litterbag experiments with C. vulgaris litter in a dry heathland in Denmark, in a wet heathland in Wales, and in the Oldebroekse heide in The Netherlands where we sampled the litter for this experiment. They found a remaining amount of initial mass after 200 days of 73, 82, and 80%, respectively. The litter incubated in the laboratory experienced constant temperature and moisture conditions, while litter incubated in a field experiment experienced a variety of temperature and moisture conditions.
The overall average mass remaining in this experiment, approximately 83%, corresponded well with the range found in the field experiment. Emmett et al. (2004) manipulated temperature and moisture with a nonintrusive field experiment. They induced 2 months summer droughts and increased temperature with 0.5-2.0°C on other experimental plots. The drought effect was only temporary and occurred in the sampling just after the drought. This is in line with our laboratory observations where continuous drought decreased the decomposition rate. From the field experiment it can be concluded that this effect is compensated after the drought, indicating that the chemical composition of the litter dominates the regulation of the mass loss. Emmett et al. (2004) found a general positive effect of warming in the Calluna sites. Their field warming as well as our laboratory warming was constant and both increased the decomposition rate, qCO 2 and the respiration rate, all variables connected to C mineralization.
Initial microbial growth was high and the size of the microbial biomass C (4-16 g C kg −1 ), N (0.4-1.7 g N kg −1 ), and P (0.26-0.61 g P kg −1 ) increased to a community size found in other studies on heathland ecosystems (Jonasson et al. 1996; Schmidt et al. 1999 ; Jensen et al. 2003) . In the first decomposition period, the microbial C and N immobilization rates were more strongly controlled by temperature, while P immobilization rate was more strongly affected by moisture. A possible explanation for this different response could be related to the low P availability in the P-poor C. vulgaris litter. At low soil water content, diffusion of soluble substrates is reduced (Griffin 1981a ) and/or microbial mobility and consequent access to substrate declines (Griffin 1981b; Killham et al. 1993 ). This could affect the mineralization and immobilization of the limiting nutrient (P) more strongly than the availability of the more abundant nutrients (C and N). Values of volumetric water content below which microbial activity declines in mineral soil are not comparable with values in litter because fresh litter has a much larger pore volume than mineral soil and therefore has a far higher air/mass ratio (Schaap et al. 1997) . However, mechanisms involved are most likely comparable to those in litter.
In the second decomposition period, microbial growth rate decreased significantly at all temperatures and moisture contents. The largest decrease was found at the largest moisture content, which showed the highest immobilization during the first period. A possible explanation for the decreased growth rate is the lack of available P. There might be two possible mechanisms involved. First, an indirect moisture effect: a higher moisture content of the litter material resulted in a high P immobilization rate (at the beginning of the second period 74 to 85% of total P was incorporated in microbial P pool, at 200% moisture) and in almost complete P depletion of the litter. Second, a direct moisture effect: low moisture content limited microbial P immobilization and mineralization (at the beginning of second period only 41 to 50% of total P was incorporated in microbial P, at 50% moisture).
Plant growth relies completely on competition with microbes for P in this low-P environment. The results show that changes in temperature and moisture largely determine the amount of P immobilized in microbial biomass, unavailable for plants. After 208 days, this accumulated amount of immobilized P in microbes varies from 0.26 to 0.61 g P kg −1 , at 42 and 100%, respectively. Microbial C and N immobilization rate decreased with increasing temperature, resulting in a smaller microbial biomass at higher temperature (Fig. 5a,b) . Respiration rate generally increased with temperature, especially between 15 and 20°C. Consequently, the qCO 2 increased with temperature, especially between 5 and 15°C (Fig. 2c,d ), which indicated a decrease in microbial C utilization efficiency. Jonasson et al. (2004) also reported higher soil microbial biomass in soil samples incubated for 22 weeks at 10°C than at 12°C, but higher CO 2 respiration rates at 12°C than at 10°C, resulting in a higher qCO 2 at 12°C. According to Pohhacker and Zech (1995) , microbial biomass is very sensitive for high temperatures and high respiration rates can indicate a stressed microbial community.
Higher temperature can increase the energy demand of the microbes at the expense of the size and growth rate of the population (Pohhacker and Zech 1995) . Nutrient stress, other than C limitation stress, has also been reported to result in a higher metabolic quotient (Wardle 1993; Wardle and Ghani 1995) . It has been proposed that this is a result of diminished importance of conserving C resources as other nutrients become limiting (Wardle 1993) . The increase in metabolic quotient with higher temperatures could therefore also indicate increased stress through decreased P availability.
From this study it is difficult to distinguish between the effect of temperature and the effect of decreased P availability; however, the similar metabolic quotient at 20°C compared to 15°C could indicate that at least at these temperatures decreased P availability was more important. However, it is also possible that the similar metabolic quotient at 20°C compared to 15°C indicates increased C-use efficiency associated with the loss of easily degradable substrates, as the litter was more decomposed at 20°C than at 15°C (Wardle 1993; Dilly and Munch 1996) .
Opposite responses in N and P transformation rates between the two periods were found. Net N mineralization rate increased between 15 and 20°C in the first period, but decreased in this interval in the second period (Fig. 5c,d ). The decrease in net N mineralization rate was accompanied by an increase in net N immobilization rate. This same process occurred with net P mineralization: net P mineralization rate decreased between 15 and 20°C in the second incubation period, but was accompanied by an increase in P immobilization. Evidently, the balance between mineralization and immobilization depended on the stage of litter decomposition and microbial demand.
In the first 0-48 days, net N and P mineralization rate and nitrification rate increased with temperature. Rustad et al. (2001) also reported increased net N mineralization in response to experimental ecosystem warming in a metaanalysis on data from high (latitude and altitude) tundra, low tundra, grasslands, and forests. In this study, net P mineralization rate increased with moisture, while net N mineralization decreased with moisture from 0 to 48 days. A simultaneous decline in moisture content associated with increasing temperature in the field could therefore result in increased net N mineralization rate. However, it depends on the decline in moisture content associated with the increase in temperature what the effect on net P mineralization will be.
With the use of Table 2 the maximum decline in moisture content that would still result in net P mineralization can be calculated. In Table 2 , the coefficients t and m for net P mineralization (P min) from 0-48 days were respectively 5.23 × 10 −2 and 1.30 × 10 −2 . Coefficient t divided by coefficient m amounts to 4.02, which means that if temperature increases with 1°C, moisture can decrease with a maximum of 40.2% (to obtain unit increase in temperature and moisture, moisture was divided by 10) before the increase in temperature, and consequent increase in net P mineralization is counteracted by decreased P mineralization due to decreased moisture. This indicates that if temperature increases with 1°C and moisture does not decrease with more than 40.2% during the very early stage of litter decomposition, net P mineralization rate is enhanced.
Conclusions
The effect of temperature and moisture on microbial nutrient transformations was strongest during the first 48 days of fresh C. vulgaris litter decomposition. In this period, the CO 2 respiration rate, qCO 2 , microbial C and N immobilization, net P mineralization, net N mineralization and net nitrification rates were controlled predominantly by temperature conditions, while microbial P immobilization rate was more strongly affected by moisture. The variation in climatic factors imposed on this low P Calluna litter showed a large variation in microbial P immobilization. As plants strongly compete with microbes for this P, this experiment indicates that climate change endangers the sustainability of these ecosystems.
